Abstract: Amild, asymmetric Heck-Matsuda reaction of five-, six-and seven-membered ring alkenes and aryl diazonium salts is presented. High yields and enantioselectivities were achieved using Pd 0 and chiral anion co-catalysts,the latter functioning as ac hiral anion phase-transfer (CAPT) reagent. Forc ertain substrate classes,t he chiral anion catalysts were modulated to minimizet he formation of undesired by-products.M ore specifically,B INAM-derived phosphoric acid catalysts were shown to prevent alkene isomerization in cyclopentene and cycloheptene starting materials.D FT(B3LYP-D3) computations revealed that increased product selectivity resulted from achiral anion dependent lowering of the activation barrier for the desired pathway.
The Heck-Matsuda arylation reaction [1] (Scheme 1) offers notable advantages over traditional cross-coupling chemistry.
[2] Aryl diazonium salts,e asily prepared from the corresponding anilines, [3] are much more reactive than their aryl halide and sulfonate counterparts.
[4] Thus,r eactions can typically be performed under milder conditions. [2b, 5] Additionally,oxidation-sensitive ligands are not required, avoiding the need for rigorous exclusion of oxygen.
[5] However, enantioselective variants of the Heck-Matsuda reaction are rare,l argely because commonly employed chiral phosphine ligands are incompatible with diazonium salts. [6] Thegroups of Correia [7] and Sigman [8] have addressed this challenge through the use of chiral bisoxazoline and pyridine oxazoline ligands,r espectively.C orreia and co-workers have developed arylative desymmetrizations of both cyclic and acyclico lefins (Scheme 1a), while the Sigman group has reported highly enantio and regioselective arylations of acyclica lkenyl alcohols of various chain lengths using ar edox-relay strategy (Scheme 1b). [9] As an alternative approach, we envisioned the use of chiral anion phasetransfer catalysis (CAPT) (Scheme 2). [10] [11] [12] In this strategy,an insoluble diazonium salt is transported into organic solution via anion exchange with alipophilic phosphate salt to produce ion-pair 1. [11a, 12] After oxidative addition by aPd 0 species and loss of N 2 ,the chiral phosphate remains as acounterion to the resulting cationic Pd II intermediate [2,11b] Migratory insertion of the olefin then provides intermediate 3.T his step is rendered enantioselective by virtue of the associated chiral anion.
[11a] b-hydride elimination and olefin disassociation affords desired product 4 and Pd-hydride 5.W ee nvisioned 5 undergoing formal reductive elimination via two plausible pathways,either by deprotonation by the phosphate counter- ion (shown in Scheme 2) or by the inorganic base present in the mixture.B oth pathways regenerate Pd 0 and chiral phosphate co-catalysts.
Notably,t he outlined mechanism posits that the chiral anion is associated with the cationic palladium catalyst throughout the catalytic cycle.T his hypothesis implies that the anion might be leveraged to mediate reactivity and selectivity arising from any or all of the elementary steps in the catalytic cycle.More specifically,alkene isomerization by ap alladium hydride intermediate (5), which has been previously noted as an issue of the Heck-Matsuda reaction of unactivated cyclic alkenes, [4b,13] might be subject to anion control. However,w hile the number of examples of chiral phosphate anion-controlled enantioselectivity is rapidly increasing,t he use of these anions to influence reaction outcomes beyond enantioselectivity remains rare. [14] Herein, we demonstrate that CAPT catalysis can be employed to control the enantio-and chemoselectivity of the HeckMatsuda reaction.
To test the viability of the hypothesis outlined above, cyclopentene 6 was treated with 5mol %P d 2 dba 3 ,1 .4 equivalents of phenyldiazoniumtetrafluoroborate,6equivalents of Na 2 CO 3 ,a nd 10 mol % 7a as ap hase-transfer catalyst in toluene.U nder these conditions the desired product was formed in good yield and with as ignificant level of enantioselectivity ( Table 1 , entry 1). After examining various non-polar solvents,c atalysts,i norganic bases,a nd reaction temperatures,t he optimal results were obtained using a3:2 mixture of benzene and MTBE as solvent, K 2 CO 3 as the inorganic base,and H8-TCYP (7a)asthe chiral anion at 10 8 8C (Table 1, entry 8) . Notably,the reaction did not proceed in the absence of aphase-transfer catalyst (Table 1, entry 5) and was slowed in the absence of base,w hile,a ffording product in diminished enantioselectivity (Table 1 , entry 6). These results are consistent with the proposed phase-transfer mechanism.
With an optimized set of conditions in hand, the scope of the aryl diazonium salt was examined (Table 2) . Generally, substitution at the meta-a nd para-positions of this reagent was well-tolerated, affording products in good yields and enantioselectivities.S pecifically,s trongly electron-donating groups (Table 2 , 8d-e), and electron-withdrawing groups (Table 2 , 8b-c)w ere viable under the optimized reaction conditions.Disubstitution of the aryl diazonium salt was also well-tolerated (Table 2, 8f and 8i). In contrast, while high enantioselectivity was obtained with an ortho-substituted diazonium, the yield was diminished (Table 2, 8j). Notably, enantioselectivities using various aryl diazonium salts under CAPT catalysis compare favorably with those previously reported for this class of substrate.
[7a]
Given the results for disubstituted cyclopentene derivatives,w es ought to expand the scope to mono-substituted analogues,w ith the aim of achieving high diastereo-and enantioselectivity.Whencyclopentene 9 was subjected to the phase-transfer Heck-Matsuda conditions,the desired product was obtained as as ingle diastereomer in moderate enantioselectivity.Slight modification of reaction conditions,namely altering the inorganic base to Cs 2 CO 3 ,improved the enantioselectivities up to 90 % ee (Table 3) . Substitution of the aryl diazonium salt with an electronically diverse set of substituents was well tolerated.
Examination of additional cyclopentene derivatives revealed divergent reactivity using spirocyclic substrates. Fori nstance,r eaction of olefin 11,u sing BINOL-derived phosphoric acid as acatalyst 7a,produced a3:2 mixture of the desired product 12 and isomerized starting material 13 (Table 4 , entry 1). Alkene isomer 13 likely arises from coordination of Pdhydride 5 (Scheme 1) to 11 followed by migratory insertion and b-hydride elimination. To inhibit this undesired isomerization pathway,w eh ypothesized that am ore basic counterion would increase the rate of reductive elimination, thus decreasing the lifetime of the cationic Pd-hydride.Avariety of chiral phosphoric acids with amore electron rich binapthyl diamine (BINAM) backbone were prepared. [12b, 15] When 11 was subjected to the same reaction conditions,b ut with BINAM-derived phosphoric acids (BDPA, 7g-k)a st he catalyst, the desired product was generated without isomerization of starting material (Table 4 , entries 2-8).
Furthermore,examination of BDPAcatalysts with different N-aryl substituents and re-optimization of reaction conditions,allowed for the selective formation of the desired Heck-Matsuda adduct in good yield and high enantioselectivity (Table 4 , entry 8). Va rious aryl diazonium salts were viable coupling partners using these conditions with enantioselectivities up to 92 % (Table 5) . [16] Having established BDPAs as catalysts for the CAPT Heck-Matsuda reaction, we turned our attention to larger ring systems that had previous given low selectivity with either traditional ligands [7a] or BINOL-derived catalysts.T o this end, tetrahydrophthalimide derivative 14 was subjected to CAPT conditions.T he reaction of 14,u sing 7a as the catalyst, provided the Heck adduct in low enantioselectivity. Examination of BINAM-phosphate 7n,u sing 4-fluorobenzenediazonium tetrafluoroborate as ac oupling partner, afforded the Heck adduct in 84 % ee and 40 %y ield. Due to presence of minor olefin isomers in the product, [17] the double bond was hydrogenated for analytical purposes without erosion of enantioselectivity (for further details see the Supporting Information). Va rious aryl diazonium salts were viable coupling partners using these conditions with enantioselectivities up to 90 % (Table 6) .
Given the results for six-membered ring derivatives we looked to expand the scope to seven-membered analogue 16. As had been previously observed with cyclopentenes,t he reaction of olefin 16,using 7a as acatalyst, afforded the Heck adduct in 2.2:1 mixture of regioisomers and low enantioselectivity.I nc ontrast, the reaction catalyzed by BDPA 7m afforded the desired product with high regioselectivity and 78 % ee (Scheme 3).
As an application of the developed method, hydantoin derivative 18,a na mino acid precursor,w as arylated under chiral anion phase-transfer conditions.T he Heck-Matsuda reaction of 18 catalyzed by BINOL-derived phosphoric acid 7a,g enerated 19 with 14 % ee and 14:1 d.r..I nc ontrast, BDPA 7i catalyzed the desired transformation to afford 19 as as ingle diastereomer in good yield and 81 % ee,w hich was upgraded to 96 % ee by asingle recrystallization (Scheme 4). Thec orresponding amino acid derivative 20 was readily generated by reaction of 19 under basic conditions.C onformationally constrained amino acids similar to 20 are known to be S1P1 receptor agonists, [18a, 7h] and have been previously prepared from optically active starting materials.
[18b]
Thereductive elimination and isomerization steps [19] with both BINOL-and BINAM-derived phosphate counterions (Scheme 2a nd Scheme S1 in the Supporting Information) were investigated using density functional theory computations (B3LYP-D3). [20, 21] TheGibbs free energies of activation computed at the SMD (Toluene) /B3LYP-D3/6-31G**, SDD(Pd)// SMD (Toluene) /B3LYP-D3/6-31G**, LANL2DZ(Pd) level of theory for reductive elimination step and isomerization of 11.T he Gibbs free energy of activation for the reductive elimination ( Figure 1a) w as found to be 2.2 kcal mol À1 lower with aB INAM-phosphate than with aB INOL-phosphate (see Table S3 , SI). Presumably,t he presence of less inductively withdrawing and more p-donating N-aryl substituents results in am ore basic phosphate and consequently,amore favorable reductive elimination.
Calculations indicate that the chiral phosphate works in concert with ac ationic (dba)Pd-hydride [22] in the isomerization step.T he optimized geometries (Figure 1b) i ndicate that the alkene accepts the hydride from the palladium while the phosphate oxygen simultaneously abstracts am ethylene proton. When comparing BINOL-and BINAM-phosphates, isomerization barriers were found to be higher than the reductive elimination by 2.5 and 5.5 kcal mol À1 ,r espectively (see Table S3 , SI). These values are in agreement with the experimental observations,asthe alkene isomerization occurs when BINOL-phosphates are employed as co-catalysts,but is circumvented with the use of BINAM-phosphates.
In conclusion, we have developed an asymmetric HeckMatsuda reaction of cyclopentene,c yclohexene,a nd cycloheptene derivatives using ac hiral ion-pairing strategy.T hese first examples of chiral counterion controlled enantioselective Heck reactions offer an alternative to and complement the recent advances in asymmetric variants employing chiral ligands.I na ddition, these comprise the first successful examples of enantioselective Heck-Matsuda arylation of a6 -membered ring system. In the cases of cyclopentene and cycloheptene starting materials,u ndesired alkene isomerization was circumvented by the application of BINAM-derived phosphoric acids as catalysts for CAPT.F urthermore,m ech- anistic insights gained through DFT calculations suggest that the nature of the counterion is integral to achieving the desired selectivity.M ore importantly,t hese results suggest that BINOL/BINAM-derived phosphate counterions,t hat have almost exclusively been employed to control enantioselectivity,may offer amore general means to control reactivity and selectivity in transition metal mediated processes.
